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Yamamoto, R., K. Shinozaki, and Y. Masuda. 1970 . Stress-relaxation properties of plant cell walls with special reference to auxin action. Plant Cell Physiol. 11:947-956. Zarra, I. and Y. Masuda. 1979 Summary. An irrigation control system has been developed and used to estimate evapotranspiration of contamer-grown plants by monitoring randomly selected plants within a container block and watering on an "as needed" basis. Sensor reliability and operational ease allows application of the system in a wide variety of field conditions. First-year tests, using red oak (Quercus rubra L.) seedlings, showed a reduction of 95% or better in both total irrigation and leachate rates with the computer-controlled treatment relative to a manually controlled, drip irrigation treatment without reducing plant growth.
A s concerns about water conservation and quality increase, horticulturists must adopt management practices that decrease water use and leachate rates. Unfortunately, the perception by producers is that plant growth, and thus yield, is proportional to irrigation rate. A significant reduction in water use is possible without affecting plant growth by improving the delivery system; for instance, by using trickle vs. overhead irrigation. Even greater efficiencies are possible by coupling irrigation delivery with a system that monitors the moisture status of the crop or the soil/ media.
Computer-controlled irrigation and monitoring systems have been developed for greenhouse crops (Lieth and Burger, 1989; Michelakis and Chartzoulakis, 1988) . There has been limited development of these types of systems for field or container nurseries (Smajstrla and Koo, 1986) . Field irrigation in the horticultural industry in many cases is based on a traditional rule of thumb; for example, watering plants 1 h a day (Fare et al., 1992) . Manualcontrol or simple timers are sufficient to meet the needs of this type of watering system. Although more advanced irrigation control schemes are available, such as the use of capillary beds or watering duration based on empirical evapotranspiration estimates linked with crop or landscape specific water-use coefficients (Costello et al., 1991; Martin et al., 1989) , these methods lack a control feedback (monitoring) of actual plant or soil moisture status. Smajstrla and Koo (1986) described a system that monitored soil moisture status but did not present data on irrigation efficiency or crop growth. One serious drawback of this particular irrigation system was the use of soil monitoring instruments that required constant maintenance and recalibration. What would be most useful is a controlled irrigation system that applies water to plants based on the actual soil evaporation and plant transpiration losses since the last period of irrigation.
The goal of this study was to design, build, and test an irrigation control and monitoring system for container production that would: 1) use existing off-the-shelf technology, 2) apply water based on actual evapotranspiration rates, 3) operate under a wide range of field conditions, 4) require limited instrument calibration, 5) provide some operating flexibility to allow adjustments during the growing season, and 6) interface with personal computers for system monitoring, scheduling changes, and data collection. The research objectives were to test the reliability of the computercontrolled system and to determine if this system reduced irrigation and leachate rates compared to manual control of a drip irrigation system by an experienced nursery manager. This paper describes the hardware and software components of the control and monitoring system and presents a comparison of plant growth under the computer and manual control methods.
Design concept. There are five major components to the irrigation system: 1) standard trickle irrigation equipment, 2) solenoid valves to control water to the drippers, 3) a field microprocessor to open and close the solenoid valves, 4) moisture sensors under "indicator" plants for detecting leachate, and 5) an office microcomputer to collect data, write programs, and allow general access to the field microprocessor.
The system is based on a simple feedback control loop with leachate detection as the control parameter. A watering cycle begins when the microcomputer opens a solenoid valve pressurizing the irrigation line. Water is delivered to a container plant through the drip-irrigation equipment until leachate from the plant is detected by the moisture sensor. When leachate is detected, the solenoid valve is closed. At this point the container is assumed to be slightly above field capacity.
If the plant and container are considered as a single system, the relationship between the amount of water applied and plant water demand can be determined by balancing water inputs and losses for the plant/container. If the container is covered to limit rainfall, water into the plant/container is simply the amount of irrigation applied, while water losses from the system are due to soil/media evaporation, plant transpiration, and leaching. One can assume that the delay between the time for the container to reach field capacity an d leachat e detection for each irrigation cycle are similar, i.e., there is a "standard" amount of leachate at the end of each cycle. Under this assumption, the total amount of water applied at the end of any irrigation cycle will be an approximation of the evapotranspiration rate for that plant container system since the previous irrigation period less the standard leachate amount. Therefore, this control scheme applies irrigation based on the actual environmental and plant demands that drive the rate of water loss from the system since the previous irrigation. The control loop is scaledup to a large block of containers by monitoring a few indicator plants randomly located within the block.
Plant material and plot design. Red oak acorns were collected in Fall 1990, germinated in early Feb. 1991, and grown in a greenhouse in l-gal (3.8-liter) containers until late May 1991. At that time, the seedlings were moved outside, placed under 80% shade cloth for 2 weeks, and then potted in 3-gal (11.4-liter) containers using a growth media consisting of 3 pine bark : 0.5 peat : 0.5 composted municipal sewage sludge : 1 sand supplemented with dolomite, gypsum, and P. The repotted seedlings were placed in the test plot and allowed to acclimate for 1 month. During this time the seedlings were irrigated for 1 h daily and fertilized once per week by injecting 250 ppm N from 20N-20P-20K soluble fertilizer into the irrigation system. During the test period, July to Oct. 1991, the seedlings were fertilized at a constant rate of 10 ppm N using the same 20N-20P-20K soluble fertilizer.
Individual plant containers were placed on 18-inch (45-cm) centers with two 0.5 gal/h (1.9-1iteržh -1 ) emitters (Netafim, Shemin Nurseries, Addison, Ill.) per container. A 0.75-inch (1.9-cm) PVC irrigation header fed eight separate 0.5-inch (1.27-cm) irrigation lines, individually controlled by solenoid activated valves. Fifty containers were placed on each irrigation line. Six-foot (183-cm) bamboo stakes were placed in the center of each container and were used to secure the plants loosely as they grew. The bamboo stakes were secured to guy wires suspended above the pots. The field microprocessor (Campbell Scientific, Model CR10, Logan, Utah) and associated equipment were centrally located within the container block in a rainproof shelter.
An additional 100 plants were included in the container block using two separate irrigation lines. These plants served as a control group and were irrigated by the container-area supervisor on an as-needed basis by manually opening and closing the irrigation valves to these lines. The intent of the supervisor was to irrigate these control plants 1 h/day, except when it rained. Workers in the nursery were required to log the time of day when the valves were opened and closed.
Indicator pot assembly. Indicator plants were selected randomly and placed in a pot-within-a-pot assembly (Fig. 1) . A 3-gal (11.4-liter) plant container was placed inside a standard 5-gal (19-liter) white plastic bucket. Two supports, made of l-inch o.d. (2.54-cm) PVC pipe, were secured on one side of the 5-gal bucket to tilt the plant container, which ensured that leachate first drained from the drainage hole over the moisture sensor. The sensor (Campbell Scientific, Model 237) was located directly beneath the drainage hole and secured using a 4-inch (10-cm) length of metal strapping. These sensors consist of an electrical grid whose resistance drops with increased surface moisture. The contact area of the sensor was positioned at a 45°a ngle so that leachate hitting the sensor would be shed rapidly. Electrical leads from the moisture sensors were routed along the guy wires.
A 0.5-inch (1.27.cm) hole was drilled in the side of the 5-gal buckets near the bottom for leachate collection. This hole normally was plugged with a rubber stopper and leachate collected manually on a daily basis. Rainfall effects were minimized by covering the media surface of each container at the base of the plant with white polyethylene (2 mil). Communication, electrical power, and instrumentation connections between the field equipment, power supplies, and programming/ data collection computer are illustrated in Fig. 2 . The field equipment was under the direct control of the microprocessor, which read the moisture sensors through an input multiplexer (Campbell Scientific, Model AM416), activated the solenoids using the 5V/ 24V relays, and communicated with the data collection/programming computer (IBM, Model XT) through short-haul modems (Campbell Scientific, Model SRM6A). All field equipment, including the microprocessor, input multiplexer, solenoid relays, and short-haul modem were located in the waterproof shelter. Power for the microprocessor and solenoids was provided by a 12V battery and a 24V transformer, respectively. The battery and transformer were remotely located to isolate the 110V connections. The data collection/programming computer was locatedin a nearby headhouse for operator convenience and to en- Fig. 1 . Indicator pot assembly used in the computer-controlled irrigation system.
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sure appropriate temperature and humidity conditions for the computer.
Although the field microprocessor can be accessed on location through a hand-held keyboard, a communication system using short-haul modems was installed to allow access to the microprocessor via a personal computer (IBM-XT). By accessing the field microprocessor with a personal computer, real-time monitoring of the control program and direct downloading of information was possible from the convenience of an office.
Software. All programming was done on an IBM-PC using the Campbell Scientific PC208 software and downloaded to the field microprocessor. A simplified outline of the control software, depicting operator inputs and monitor points, is shown in Fig. 3 . Two independent control programs were developed, one to scan inputs and the second to control the irrigation lines. The monitoring program scanned the sensors every 5 sec, converted input readings to grid resistances, and stored these resistance values for use by the control program or for operator monitoring. The high and low values for all sensors were collected hourly.
Water application was controlled by the irrigation program and is based on several operator input values. These values included active control period (time during a 24-h day when the program is active), irrigation cycle time (irrigation frequency during the active control period), and sensor resistance trip value (resistance reading at which the sensor is considered to be "wet"). These parameters were set during the development test to irrigate the plants every 4 h between 9:00 AM and 7:00 PM with a resistance trip of 5 kohm. This resistance value was determined from preliminary testing and was high enough to prevent a false reading due to condensation. At the end of each watering cycle, total irrigation time was stored.
To avoid errors resulting from false sensor readings the following criteria were used. Each controlled irrigation line included five indicator plants. During an irrigation cycle water was applied until leachate was detected from at least three of these five plants. At the beginning of each irrigation cycle, all sensors were checked; no water was applied if three or more indicators were still wet from a previous application. On a daily basis, excepting weekends, all stored information, including irrigation times and minimum and maximum hourly sensor values, were downloaded from the field microprocessor to the personal computer and stored in a standard spreadsheet program. Leachate that had accumulated in the bottom of each 5-gal bucket was collected and measured, and the amount was logged daily.
At the beginning and end of the growing season, randomly selected plants were harvested for growth comparison. Statistical differences between the plants grown under computer-controlled and those grown under manual irrigation were determined using SPSS/PC+ one-way analyses at a 0.05 significance level.
Water use and leachate cumparison. Water use was reduced by 95% to 97% in the computer-controlled irrigation system in comparison to the manual irrigation method (Fig. 4) . Due to the large volume of water involved, leachate was not collected from the manually controlled plants. Assuming that the water required to reach field capacity for the manually controlled plants would be similar to that for the computer-controlled plants, a 97% reduction in leachate can be estimated for the computer-controlled treatment.
The average measured irrigation rate per container was 3.2 gal/day for HortTechnology ž July/Sept. 1992 2(3) the manually controlled plants and 0.1 gal/day under computer control. Note that the amount of water applied under the manually controlled system is high by a factor of two. This is due to the use of two emitters per pot for consistency between treatments rather than a single emitter per pot, more typical of a commercial operation. For the same period, leachate rates were 3.17 gal/day (estimated) and 0.08 gal/day for the manually controlled and computercontrolled treatments, respectively.
Plant growth under the two irrigation treatments was similar, i.e., there were no statistical differences in seedling height, number ofleaves, total leaf area, total plant dry weight, or shoot : root ratio between plants grown between treatments (Table 1) .
System reliability. The computer-controlled irrigation system continuously operated for 15 weeks (2500 h). During this time only two irrigation cycles were missed. In both instances the interruption of the irrigation was due to a worker in the container area shutting the valve to the main irrigation header.
A serious system reliability consideration is that the salt buildup on the moisture sensors could possibly result in false wet readings and premature irrigation shutdown. A decrease in sensor resistance values was observed during the test period but did not appear to affect irrigation rates. Under nursery operating conditions, the irrigation rates and sensor resistances could be monitored on occasion. If resistance readings of "dry" sensors decrease below the trip value, the operator could counteract this problem simply by changing this parameter to a lower value. Note that the trip value used in this study was 5 kohm and that a completely wet sensor will have a resistance of <l kohm. In addition, the moisture sensors can be cleaned using an abrasive sponge and/ or a mild acetic acid solution to reestablish the maximum dry resistance Fig. 3 . Generalized software scheme used in the computer-controlled irrigation system. system relative to a manually controlled system could result in cost savings in a commercial operation. These cost savings would be seen in reduced pumping, water treatment, and fertilizer costs.
